Background
==========

All subtypes of influenza A are perpetuated in wild aquatic birds and thereby these birds serve as a reservoir of influenza A. Avian influenza viruses (AIVs) are believed to be in evolutionary stasis in its natural hosts of wild birds where the virus and the host tolerate each other \[[@B1]\]. AIVs are characterised as low pathogenic (LP) or high pathogenic (HP), depending on their ability to cause disease in chickens. LP AIV may become HP to poultry through mutations after introduction from wild birds. Until now, only AIV of subtypes H5 and H7 have become HP. There are currently recognised sixteen subtypes of haemagglutinin (HA) and nine neuraminidases (NAs) \[[@B2],[@B3]\]. Only H3N2, H1N1 and H1N2 out of 144 theoretically possible subtype combinations circulate in humans. In Hong Kong in 1997, eighteen people became infected with HP AIV H5N1 and six died \[[@B4],[@B5]\]. Before 1997, AIV was not expected to cross the species barrier and infect humans, although incidences of H7N7 infection had been seen in the past \[[@B6]-[@B8]\]. Prior to the outbreak in humans in 1997 HP H5N1 viruses had circulated in poultry in the same region and HP AIV H5N1 viruses persisted in geese and ducks \[[@B9]-[@B11]\]. In 2002 a HP H5N1 strain re-emerged in Hong Kong and for the first time lethal influenza virus infection was observed in wild aquatic birds \[[@B12]\]. After further genetic change the HP H5N1 re-emerged in poultry and humans in Hong Kong 2003 \[[@B13]\]. There have been sporadic human cases of HP AIV H5N1 infections since then and until the start of 2007 more than 290 people have become infected and more than 170 have died from the infection. Apparently the virus has become endemic in poultry in Asia and has now spread to Africa and Europe. In contrast to previous believes wild migratory birds might play some role in the transmission of HP AIV. In 2005, thousands of migratory waterfowl in Qinghai Lake, western China, became infected with HP AIV H5N1 and this might have contributed to the spread of HP H5N1 to Europe and Africa in 2005 \[[@B14]\].

In Denmark, the first case of HP AIV H5N1 in wild birds was identified in March 2006 \[[@B15]\], after the virus had been discovered in many parts of Europe in 2005/2006, including neighbour countries to Denmark like Germany \[[@B16]\] and Sweden. HP AIV had never been detected in Denmark before 2006; however, a case of LP H5N2 infection in quarantined ostriches was observed in 1996 \[[@B17]\] and LP H5N7 virus was discovered in mallards bred for restocking of game in 2003 \[[@B18],[@B19]\]. Increased surveillance since then has elucidated the presence of both LP H5N2 and H5N3 viruses in game stocks. This paper characterises the genomes of the first cases of HP H5N1 viruses that infected wild and domestic birds in Denmark in 2006.

Results and discussion
======================

In 2006, 1,381 dead wild birds were brought to the Danish National Veterinary Institute. Of these, 44 were positive for HP H5N1 distributed as follows; three whooper swans, four mute swans, one greylag goose, 26 tufted ducks, six common buzzards, one rough-legged buzzard, one peregrine falcon, one great crested grebe and one magpie. In addition, four birds in a hobby poultry flock tested positive for HP H5N1: one peacock, one fowl and two muscovy ducks. The detected HP H5N1 cases were mainly found in the Baltic Sea area of Denmark.

The Danish and German isolates group together phylogenetically, forming a monophyletic cluster in all genes indicating that these isolates have evolved from the same origin (Fig. [1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). Genes from the index case, A/buzzard/Denmark/6370/06(H5N1), had a 99.8--100% nucleotide sequence identity to the German isolates. The Danish isolates were further located in the defined phylogenetic H5 clade 2 subclade 2 as the majority of the European strains. Besides the German viruses, the Danish viruses were highly similar to viruses from Croatia, Nigeria, Niger and also Astrakhan in Russia (Fig. [1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). Characterisation of the German isolates by Weber *et. al*., \[[@B16]\] indicated a closer relation to the Russian Astrakhan isolates than shown here. We show that the Russian isolates are closely related to the German and Danish isolates but form a separate monophyletic cluster with high bootstrap values (94%). This topology was seen for neighbor joining, maximum parsimony and maximum likelihood methods. We see a difference probably because we were able to include more contemporary European isolates in the analysis. The Danish viruses from this time period have their origin in the Qinghai wild bird strains from 2005. The same topology was observed for all eight genes. The Qinghai Lake viruses could be traced to viruses isolated from wild birds at the Poyang Lake 1,700 km away. It has therefore been suggested that these viruses have been spread by infected migratory birds \[[@B20]\]. It is most likely that the introduction of HP H5N1 AIV to Denmark is caused by an unusual migration of infected birds due to the harsh cold weather in Eastern Europe as suggested also by others \[[@B16],[@B21]\]. This theory could be further examined when more AIV sequences are made available.

![**Evolutionary relationship of HA and NA genes of Danish HP H5N1 AIVs compared to other past and present H5N1 viruses**. The nucleotide coding region trees were generated by maximum parsimony with heuristic random branch swapping search (neighbor joining and maximum likelihood analyses revealed similar tree topologies). Bootstrap values of 1000 resamplings in per cent (\>70%) are indicated at key nodes. The clade with Danish isolates is marked in yellow. Figure 1 a) and b) demonstrate the evolutionary relationship of the HA and NA genes, respectively. Trees for HA and NA includes A/fowl/Denmark/60296/06, this virus was not full genome amplified and therefore not present in trees representing genes coding for the internal proteins. Trees are midpoint rooted for means of clarity.](1743-422X-4-43-1){#F1}

![**Evolutionary relationship of PB2 and PB1 genes of Danish HP H5N1 AIVs compared to other past and present H5N1 viruses**. The nucleotide coding region trees were generated by maximum parsimony with heuristic random branch swapping search (neighbor joining and maximum likelihood analyses revealed similar tree topologies). Bootstrap values of 1000 resamplings in per cent (\>70%) are indicated at key nodes. The clade with Danish isolates is marked in yellow. Figure 2 a) and b) demonstrate the evolutionary relationship of the PB2 and PB1 genes, respectively. Trees are midpoint rooted for means of clarity.](1743-422X-4-43-2){#F2}

![**Evolutionary relationship of PA and NP genes of Danish HP H5N1 AIVs compared to other past and present H5N1 viruses**. The nucleotide coding region trees were generated by maximum parsimony with heuristic random branch swapping search (neighbor joining and maximum likelihood analyses revealed similar tree topologies). Bootstrap values of 1000 resamplings in per cent (\>70%) are indicated at key nodes. The clade with Danish isolates is marked in yellow. Figure 3 a) and b) demonstrate the evolutionary relationship of the PA and NP genes, respectively. Trees are midpoint rooted for means of clarity.](1743-422X-4-43-3){#F3}

![**Evolutionary relationship of M and NS genes of Danish HP H5N1 AIVs compared to other past and present H5N1 viruses**. The nucleotide coding region trees were generated by maximum parsimony with heuristic random branch swapping search (neighbor joining and maximum likelihood analyses revealed similar tree topologies). Bootstrap values of 1000 resamplings in per cent (\>70%) are indicated at key nodes. The clade with Danish isolates is marked in yellow. Figure 4 a) and b) demonstrate the evolutionary relationship of the M and NS genes, respectively. Trees are midpoint rooted for means of clarity.](1743-422X-4-43-4){#F4}

The two amino acid residues in HA, I83 and N252 and NA-R110, assumed to be unique for migratory birds at Qinghai and Poyang Lakes \[[@B20]\] were also present in the Danish isolates. The Danish strains possessed a multi-basic HA0 amino acid cleavage sequence, PQGERRRKKR/GLF, characteristic for strains highly pathogenic to poultry. This cleavage sequence is present in the majority of the European HP H5N1 strains from the same time period and for the Qinghai viruses that infected wild birds in 2005. The NA protein of the Danish isolates were characterised by a 20 amino acid deletion at positions 49 to 68 in the stalk region of NA. This deletion has been observed in many recent HP H5N1 isolates \[[@B16],[@B22],[@B23]\] and is suggested to be adaptation for efficient replication in chickens \[[@B24]\].

One genetic indicator for high pathogenicity in mice and adaptation for efficient replication in humans is the E627K substitution in the PB2 protein \[[@B25],[@B26]\]. All Danish isolates possessed the PB2-K627 amino acid. In addition the amino acid E92 in the NS1 protein observed for the Danish isolates is associated with increased virulence in pigs \[[@B27],[@B28]\]. The isolates possessed a ESKV amino acid sequence at the NS1 C-terminal end. This sequence was also observed for all other isolates in the clade 2 subclade 2 cluster. This C- terminal region might be involved in binding to PDZ domains on proteins involved in host cellular signalling pathways \[[@B29]\]. A PDZ-binding domain has been present in all virulent H5N1 viruses isolated from humans \[[@B30]\]. Therefore a functional PDZ-binding domain is suggested to correlate with human virulence. Although suggested that the majority of avian strains possess an ESEV PDZ domain motif, only 11 out of 60 sequences included in this analysis did possess this motif. Human viruses generally have a different motif, RSKV, that do not bind PDZ \[[@B30],[@B31]\]. It is unknown what effect the ESKV motif has on influenza virus interactions; however, this motif has been shown to be a potent type 1 PDZ-binding domain in other systems \[[@B32],[@B33]\]. Other substitutions that might influence on pathogenicity are the L13P and S678N in the PB1 protein and N319K in NP \[[@B34]\]. Only L13P in the PB1 protein was present in the Danish isolates. One substitution in PB1 that might be involved in human adaptation, N375S, found in the three recent human pandemic strains \[[@B35]\], was absent in our HP AIV H5N1 isolates.

Species-specific residues in the different proteins after the list of Shaw *et al*., \[[@B36]\] were all avian-like with the exception of NP-I33 and M2-V27 which are human specific residues. The HA molecules of the Danish strains have preferred receptor specificity for the avian α-(2,3) linkage to galactose indicated by the Q226 and G228 amino acid residues in HA \[[@B37]-[@B39]\].

The mean differences between the HAs from the Danish isolates were 4.7 nucleotides or 1.9 amino acids. The viruses isolated from domestic birds, a peacock and a fowl, varied from the wild bird isolates in the HA protein with the substitutions R162I and I232V (166 and 236 in H3 numbering). Position 162 might influence on the antigenic sites due to its location close to residues directly involved in these sites. The swan isolates varied from the other isolates with the substitution V57I in HA (66 in H3 numbering). None of these substitutions were found in other sequences included in the dataset for HA (n = 60). All Danish isolates, except for A/tufted duck/Denmark/6431/06, were characterised by the substitution D387N (386 in H3 numbering) also found in the German isolates and the human isolate A/Hong Kong/485/97. The sequence variation observed between the wild bird and domestic bird isolates could indicate adaptation to poultry or positions important for egg growth (samples from domestic birds were not propagated in eggs). Further analysis on HP H5N1 isolates from domestic birds would clarify any difference between wild birds and poultry isolates. The A/gray lag goose/Denmark/6692/06 isolate possessed a I398M substitution in the NA protein as did the two domestic bird isolates. This substitution was also found in human infectious HP H5N1 strains from 1997 and 1998. It could be interesting to further investigate if this substitution is involved in human adaptation. NA-G316D was unique for the Danish and the German isolates. Position 316 is part of the N2 antigenic site C (336 in N2 numbering).

A PB1-K531R substitution characterised the Danish isolates (except A/whooper swan/Denmark/7275/06 (PB2-M483)) and isolates from Germany. The Danish isolates possessed the substitutions NP-V270I and NS1-V194I. The NS1 proteins were also characterised by a five amino acid deletion at positions 80 to 84 as also observed for H5N1 viruses of the Z+, Z, Y, A, B and C genotypes \[[@B40]\]. The NS2 genes possessed the G63E substitution also found in the German isolates.

It has been suggested that an additional glycosylation site at position 158 (H3 numbering) located on the globular head improves elution of virus from erythrocytes \[[@B41]\] and compensates for the weak enzymatic activity of NA molecules posed by deletions in the stalk region \[[@B24]\]. The Danish H5 isolates possessed four potential N-linked glycosylation sites in HA1 at positions 11, 23, 165, and 286 (21, 33, 169 and 289 in H3 numbering) with predicted threshold values above 0.5 (not shown). Position 193 (198 in H3 numbering) was also suggested; however, proline occurs just after the asparagine residue and is therefore highly unlikely glycosylated due to conformational constraints. Three N-linked glycosylated sequons were predicted for N1 at positions 68, 126 and 215 (88, 146 and 235 when including the 20 amino acid deletion in the stalk region).

Due to the potential risk of infection to humans in close contact with infected birds, we looked specifically for genetic indications for influenza inhibitory drug resistance but could not identify amino acid substitutions previously demonstrated to infer resistance to neither neuraminidase inhibitory drugs like oseltamivir nor matrix protein inhibitory drugs like amantadine \[[@B42]-[@B45]\].

Conclusion
==========

HP H5N1 infection in both wild and domestic birds was observed for the first time in Denmark in March 2006. The viruses identified in Denmark were highly similar to viruses from cases in Germany from the same time period and have their origin in the Qinghai-like viruses. The Danish and German isolates share unique amino acids in the NA (G336D), PB1 (K531R) and NS2 (G63E) proteins.

We emphasise the importance of full genome sequencing of emerging new viruses to elucidate the migration of emerging new strains and the evolution of viruses over time. Knowledge about the circulating genomes might increase the understanding about the spread and mechanisms of virulence and pathogenicity of H5N1 viruses to poultry and humans.

Methods
=======

Detection of avian influenza A virus in trachea swab samples from dead wild birds
---------------------------------------------------------------------------------

The dead wild birds were received at the Danish National Veterinary Institute from several locations in Denmark, in the spring of 2006. Trachea swabs were transferred to 10 ml centrifuges tubes containing 2.5 ml PBS with 2,000 i.e. penicillin/ml, 2 mg/ml streptomycin, 5 % foetal bovine calf serum and 0.1 % Phenol Red, pH: 7.3. The tubes were shaken for 30 minutes and the supernatant was collected after centrifugation.

Virus isolation in SPF eggs
---------------------------

Cultivation of virus was done according to EU directive 2005/94/EEC. Briefly, swab elutes including antibiotics were inoculated into the allantoic cavity of 8 to 10-day-old specific pathogen-free (SPF) chicken embryos. The eggs were incubated in a humidified atmosphere at 37°C and candled daily. Allantoic fluid harvested from eggs with dead embryos and from eggs incubated for six days was examined for haemagglutinating activity. At least two serial blind passages were made.

Initial RNA extraction and partial RT-PCR
-----------------------------------------

Total RNA was prepared from supernatants by the RNeasy Mini Kit (QIAGEN, Hilden, Germany). A modified version of the manufacturer\'s protocol was followed by mixing 300 μl of lysis buffer (RTL) containing 6 μl β-mercaptoethanol (Sigma) with 400 μl eluate from tracheal swabs and left for at least 10 minutes at room temperature. If the mixture was cloudy, the supernatant was transferred to a new tube after a short centrifugation. After the addition of 700 μml 70% ethanol and mixing, the liquid was applied to a spin-column in two steps. Washing and elution was done according to the manufacturers instructions. The elution volume was 50 μml.

An RT-PCR was carried out according to the manufacturer\'s instructions for QIAGEN OneStep RT-PCR Kit (QIAGEN, Hilden, Germany). The reaction was carried out by use of the programme cycle 1: 30 min at 50°C (RT-reaction); cycle 2: 94°C for 60 sec.; cycle 3--12: 94°C for 30 sec., 58°C for 60 sec. and 72°C for 60 sec.; cycle 26--37: 94°C for 30 sec., 58°C for 60 sec. and 72°C for 65 sec. plus an extra 5 sec. per cycle; cycle 38: 72°C for 7 minutes on a thermocycler (PTC-200, MJ Research or T3 Thermocycler, Biometra). The presence of PCR products were confirmed by agarose electrophoresis, using a 1.5% SeaKem GTG (FMC) agarose and 0.1 μml/ml ethidium bromide. RT-PCR primers were matrix forward primer FB-AI-M52C: 5\'-CTT CTA ACC GAG GTC GAA ACG-3\', matrix reverse primer FB-AI-M253R: 5\'-AGG GCA TTT TGG ACA AAK CGT CTA-3\', H5 forward primer KHA-1 5\'-CCT CCA GAR TAT GCM TAY AAA ATT GTC-3\' and H5 reverse primer KHA-3: 5\'-TAC CAA CCG TCT ACC ATK CCY TG-3\'. The PCR fragments were extracted from the agarose gels by Qiaquick Gel Extraction Kit (QIAGEN, Hilden, Germany). Sequencing was performed by DNA Technology a/s, Aarhus, Denmark. A sample was only considered positive for H5 if both the matrix and the H5 RT-PCR were positive and in addition the sequences gave a positive Blast search for H5 in GenBank.

Full-genome RT-PCR and sequencing of nine isolates
--------------------------------------------------

Viral RNA was extracted from 140 μl of egg-cultivated, virus suspensions in a biosafety level 3 laboratory by QIAamp Viral RNA Mini Kit (QIAGEN) as described in the kit protocol. RNA from two domesticated birds, A/peacock/Denmark/60295/06 and A/fowl/Denmark/60296/06, were extracted directly from oropharyngeal swabs. The different gene segments were amplified by OneStep RT-PCR Kit (QIAGEN) as previously described \[[@B19]\], a two minute elongation time for all genes were applied. The primers for RT-PCR were segment specific but subtype universal targeting the highly conserved noncoding RNA regions at the 5\'- and 3\'-end of each segment \[[@B46]\]. PCR products were purified with the GFX™ PCR DNA and Gel Band Purification Kit (Amersham Biosciences, Piscataway, USA) prior to sequencing. Purified PCR products were sequenced directly. The RT-PCR and sequencing primer sequences are available upon request. The sequencing reaction was performed by ABI PRISM BigDye Terminators v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, California, USA) as described previously \[[@B18]\]. The development of the sequences was performed on an automatic ABI PRISM 3130 genetic analyzer (Applied Biosystems) with 80 cm capillaries. Consensus sequences were generated in SeqScape Software v2.5 (Applied Biosystems). Sequence assembly, multiple alignment and alignment trimming were performed with the BioEdit software v.7.0.5 \[[@B47]\]. Distance based neighbor joining and character based maximum parsimony phylogenetic trees were generated using the Molecular Evolutionary Genetics Analysis (MEGA) software v.3.1 \[[@B48]\]. Maximum likelihood phylogenetic trees were generated by Phylogenetic Analysis Using Parsimony (PAUP 4.0) Software (Sinauer Associates, Inc.) \[[@B49]\] applying the HKY85 nucleotide model, allowing transitions and transversions to occur at different rates. Included in the trees with the nine Danish HP H5N1 full-genome sequences are H5N1 strains from Europe and representative human and avian H5N1 full genomes from the rest of the world published in the Influenza Virus Resource at NCBI \[[@B50]\].

Amino acid residues in HA are numbered by H5 numbering if not stated otherwise.

Potential N-linked glycosylation sites were predicted using nine artificial neural networks with the NetNGlyc 1.0 Server \[[@B51]\]. A threshold value of average potential score \>0.5 was set to predict glycosylated sites.

Nucleotide sequence accession numbers
-------------------------------------

Nucleotide sequences from Danish H5N1 virus isolates included in this study have been submitted to GenBank with the following accession numbers; HA: [EF523687](EF523687)--[EF523696](EF523696), NA: [EF523697](EF523697)--[EF523705](EF523705), PB2: [EF523706](EF523706)--[EF523714](EF523714), PB1: [EF523715](EF523715)--[EF523723](EF523723), PA: [EF523724](EF523724)--[EF523732](EF523732), NP: [EF523733](EF523733)--[EF523741](EF523741), M: [EF523742](EF523742)--[EF523750](EF523750), NS: [EF523751](EF523751)--[EF523769](EF523769).
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